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Abstract 
The objective of this research is to investigate four cyanine dyes (D9, D10, D12 and D16) as fluorescent dyes. Structural, 

electronic, and spectroscopic properties of these cyanine dyes were studied by using the density functional theory (DFT) and the time-
dependent DFT (TD-DFT) with the B3LYP/6-311G(d,p). The effect of solvent was included using the polarizable continuum model 
(PCM) consisting of methanol. Two models consist of cyanine dyes with and without bromide (Br-) ion have been considered. The 
calculated results were compared with respect to the experimental absorption and emission data. In these perspectives, theoretical 
study of cyanine dyes will provide a useful tool for designing and developing the novel cyanine dyes, which it has been useful in any 
processes of technological interest and biomedical applications.  
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Introduction 
Cyanine dyes present typical optical properties and act as the 
most important organic functional dyes in many processes of 
technological interest e.g. sensitizers in photography, optical 
recording materials in laser disks, and sensitizers in solar cells. 
One of the most attractive additional features of cyanine dyes is 
the affinity for biological structures, especially DNA, which are 
characterized by large molar extinction coefficient, high 
fluorescence efficiency, large tunable range of maximum 
absorption wavelength, ease of synthesis and relatively high 
stability. Fluorescence technology is not only the most sensitive 
method but also easily available method to study either 
intermolecular interactions or the transcriptional dynamics of the 
cell nucleus. Therefore, these cyanine dyes are suggested for 
using as fluorescent probes of DNA, as exhibiting, a dramatic 
enhancement in fluorescence intensity upon binding to DNA [1]. 
The objective of this research is to investigate cyanine dyes as 
fluorescent dyes using the theoretical approaches. Structural, 
electronic, and spectroscopic properties of the cyanine dyes 
were investigated using the DFT and TD-DFT levels of theory 
and examined the relationships between the experimental and 
theoretical data. 
 
 

 

Theory and related works 
Cyanine dyes have been used in a large number of diverse 
fields. They are used extensively in biological, medical and 
pharmaceutical areas such as fluorescent labels and probes for 
cells [2-3], micelles and organelles [4], conformational studies via 
fluorescence energy transfer [5], DNA sequencing , detection on 
microarray and qualification of nucleic acids in capillary and gel 
electrophoresis [6]. Although applications that utilize 
fluorescence technology are rapidly expanding, the progress is 
limited by the lack of availability and cost of suitable compounds 
that can be utilized as labels and/or probes. The main 
computational efforts to simulate the absorption and emission 
properties have been based on quantum chemistry calculations 
[7-9], such as density functional theory (DFT) and a combination 
of time-dependent density functional theory (TD-DFT). To 
understand the solvent effect on cyanine dyes, polarizable 
continuum model (PCM) is included. 
 

Computational details 
In the previous work, sixteen new asymmetric monomethine 
cyanine dyes were synthesized and their spectral characteristics 
and interaction with double stranded DNA were investigated. The 
results shown cyanine dyes be able to absorb UV light in the 
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region 453-519 nm. Furthermore, the cyanine dyes have high 
molar absorptivity in the range 37,900-93,100 L mol-1cm-1 [10]. 
Four of the cyanine dyes (D9, D10, D12 and D16) as shown in 
Figure 1 showed the most pronounced fluorescence 
enhancement. This preferential property was recommended 
these dyes as the most sensitive DNA labels. In this work, the 
absorption and emission energy have been simulated based on 
quantum chemistry calculations using the density functional 
theory (DFT) and a combination of time-dependent density 
functional theory (TD-DFT) with the B3LYP/6-311G(d,p) and 
polarizable continuum model (PCM) consisting of methanol. Two 
models consist of cyanine dyes with bromide (Br-) ion and 
without bromide (Br-) ion were considered in order to compare 
with the experimental data. All calculations were performed using 
the Gaussian09 suite of programs. 
 

Results and discussion 
The ground (S0) and first-excited (S1) states of four cyanine dyes 
(D9, D10, D12 and D16) with and without bromide (Br-) ion were 
investigated as shown in Figure 2. As the results, all compound 
structures are likely related to planar structure in the S0 state, 

whereas, the structures are related to the non-planar in the S1 
state. For example, in D9 dyes, the changes in the torsion angle 

are 9.169 in the S0 state, whereas, are increased to 92.165 in 
the S1 state (in parentheses). All optimized structures have the 
changes in torsion angle between S0 and S1 states are 
approximately 80. 

Theoretical absorption and emission energy with the 
oscillator strength (f) and transition character in methanol of four 
cyanine dyes with and without bromide (Br-) ion are summarized 
in Table 1 and Table 2, respectively. The calculated absorption 
wavelengths of four cyanine dyes showed the corresponding 
results with the experimental absorption data approximately 33 
– 47 nm. For the details in the molecular orbitals level, D9, D10 
and D12 dyes have the highest transition probability in the S1 
state and are characterized as being the transition from HOMO 
to LUMO (HL), whereas D16 dye was calculated for in the S2 
state and the excitation character from HOMO to LUMO+1 
(HL+1). It was found that all cyanine dyes are corresponded 
to the transitions from benzothiazole to Quinolone units, as 
describe in Figure 3. 

 

  
D9 D10 

  
D12 D16 

 

Figure 1. The molecular structure of four cyanine dyes (D9, D10, D12 and D16) 
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Figure 2. Optimized structures in the ground (S0) and first-excited (S1) states (in parentheses) of four cyanine dyes (D9, D10, D12 

and D16) 
 

Table 1. Theoretical absorption energy (Eex), oscillator strength (f) and transition character in methanol using the TD//B3LYP/ 
 6-311G(d,p) methods 

 Dye Dye-Br  
 Eex f Transition Eex f Transition Exp. 
 (eV/nm)  character (eV/nm)  character (nm) 
D9 2.65/468 (S1) 1.2802 H → L (99%) 2.63/472 (S1) 1.1879 H → L (99%) 508 
 3.62/343 (S4) 0.1421 H → L+1 (91%) 3.54/350 (S6) 0.1301 H → L+1 (78%)  
 4.55/271 (S17) 0.2111 H-2 → L+1 (78%) 4.33/286 (S16) 0.1270 H → L+4 (70%)  
D10 2.66/467 (S1) 1.2324 H → L (99%) 2.65/468 (S1) 1.2518 H → L (99%) 501 
 3.57/347 (S2) 0.1267 H → L+1 (59%) 3.55/349 (S5) 0.1461 H → L+1 (74%)  
 4.32/287 (S10) 0.1552 H → L+5 (76%) 4.28/289 (S15) 0.1610 H-9 → L (32%)  
D12 2.68/463 (S1) 1.1944 H → L (99%) 2.67/465 (S1) 1.2112 H → L (99%) 512 
 3.78/328 (S3) 0.1335 H → L+1 (86%) 3.75/330 (S 6) 0.1409 H → L+1 (91%)  
 4.33/286 (S11) 0.1668 H → L+6 (57%) 3.93/288 (S16) 0.1431 H → L+6 (41%)  
D16 2.42/513 (S1) 0.0004 H → L (99%) 2.62/474 (S 1) 0.0000 H → L (99%) 510 
 2.63/471 (S2) 1.2512 H → L+1 (99%) 2.64/469 (S2) 1.2649 H → L+1 (99%)  
 3.63/342 (S5) 0.1584 H → L+2 (94%) 3.60/344 (S16) 0.1331 H → L+2 (88%)  
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Figure 3. Molecular orbitals relevant to the low-lying excited states for four cyanine dyes 
 

Table 2. Theoretical emission energy (Eex), oscillator strength (f) and transition character in methanol using the TD//B3LYP/6-311G(d,p)   
 methods 

 Dye Dye-Br  
 Eex f Transition Eex f Transition Exp. 
 (eV/nm)  character (eV/nm)  character (nm) 
D9 2.61/475 (S2) 0.0005 H-2 → L (98%) 2.32/534 (S2) 0.0098 H-2 → L (81%) 544 
 2.98/416 (S4) 0.0199 H → L+2 (98%) 2.33/531 (S3) 0.0182 H-2 → L (88%)  
 3.09/401 (S5) 0.4540 H → L+1 (98%) 2.99/415 (S8) 0.4155 H-5 → L (84%)  
D10 2.70/460 (S2) 0.0006 H-1 → L (98%) 2.50/492 (S2) 0.0004 H-1 → L (99%) 545 
 3.01/412 (S3) 0.0247 H → L+2 (97%) 2.94/422 (S6) 0.0202 H → L+2 (97%)  
 3.08/403 (S4) 0.4367 H → L+1 (98%) 3.03/409 (S7) 0.4390 H → L+1 (98%)  
D12 2.73/454 (S2) 0.0005 H-1 → L (98%) 2.51/495(S2) 0.0004 H-1 → L (99%) 543 
 3.03/410 (S3) 0.0129 H → L+1 (98%) 2.95/420 (S6) 0.0124 H → L+1 (98%)  
 3.25/381 (S4) 0.3870 H → L+2 (97%) 3.20/387 (S7) 0.3746 H → L+2 (98%)  
D16 2.59/479 (S3) 0.0005 H-1 → L (98%) 2.40/518 (S3) 0.0001 H-1 → L (89%) 547 
 2.96/418 (S4) 0.0163 H → L+3 (98%) 2.92/424 (S12) 0.0160 H-6 → L+1 (80%)  
 3.10/400 (S5) 0.4561 H → L+2 (98%) 3.07/404 (S14) 0.4490 H → L+2 (98%)  

 

In addition, the calculated emission wavelengths 
showed the corresponding results with the experimental 
emission data but the values were underestimated by 
approximately 123 – 156 nm. Moreover, the calculated results of 
four cyanine dyes are distinguish between with and without Br- 
ion (around 1 – 4 nm in absorption wavelengths and around 6 – 
24 nm at the emission wavelengths). However, fluorescent dyes 
that have the ability to interact with nucleic acids can play 
important role such as large molar extinction coefficient, high 

fluorescence efficiency, and high stability. In the further work, all 
cyanine dye will be calculated and analyzed of the binding site 
between DNA and dyes [11].  

 

Conclusion 
We have investigated four cyanine dyes (D9, D10, D12 and D16) 
with the different substitution for DNA detection by using 
quantum chemical calculations. Structural, electronic, and 
spectroscopic properties of these cyanine dyes have been 
calculated using the DFT and TD-DFT with the B3LYP/6-
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311G(d,p) and polarizable continuum model (PCM) consisting of 
methanol. As the results, the obtained structures of the D9, D10, 
D12 and D16 cyanine dyes with and without Br- ion have 
geometry likely to be a planar in the ground state, whereas, 
geometry of non-planar in the first-excited state. For the 
electronic properties, four cyanine dyes show the corresponding 
results with the experimental absorption and emission data. 
Results in order to compare the results between the experimental 
and theoretical data, all cyanine dye will be calculated and 
analyzed of the binding site between DNA and dyes. The 
obtained results can be used to get design of new cyanine dyes 
to be specific to the DNA and which will be helpful for the 
development of fluorescent substance for further DNA detection.  
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